Variants in the long noncoding RNA (lncRNA) gene CDKN2B-AS1 (CDKN2B antisense RNA 1; ANRIL) are genomewide associated with type 2 diabetes (T2D), atherosclerosis, and several forms of cancer. However, it is currently not understood how CDKN2B-AS1 transcripts translate into diabetes. We previously demonstrated trans-regulation of the proximal polyadenylated transcripts on several genes with functions in glucose and lipid metabolism. However, information on specific genes that are regulated at physiological concentrations by the distal polyadenylated CDKN2B-AS1 transcripts is lacking. To identify target genes of CDKN2B-AS1 trans-regulation, we designed inducible short hairpin RNA constructs and integrated them into the genome of T-Rex HEK293 cells. Changes of gene expression after induction were determined at defined time points by genome-wide mRNA expression analysis. We confirmed downregulation of RBMS1, located on chromosome 2 (RNA-binding motif, single-stranded interacting protein 1) at the transcript and protein level in stable-transfected, inducible HeLa cells, and demonstrated that the effect was independent of the cell type, known cis-regulatory effects, and regulation of the proximal polyadenylated CDKN2B-AS1 isoforms. Direct binding of CDKN2B-AS1 transcripts to RBMS1 was shown by RNA immunoprecipitation. RBMS1 encodes a cell cycle suppressor. We conclude that the distal and proximal polyadenylated CDKN2B-AS1 transcripts have separate functions in gene regulation, which are independent of the circular CDKN2B-AS1 isoforms and of the genes CDKN2A/2B.
Introduction
The long noncoding RNA (lncRNA) CDKN2B-AS1 (CDKN2B antisense RNA 1; ANRIL) is genome-wide associated with type 2 diabetes (T2D) [1] , several forms of cancer [2, 3] , and coronary artery disease (CAD) [4] . CDKN2B-AS1 is spliced in a complex pattern but the transcripts can be grouped according to the identity of their last polyadenylated exon, either exon 13 (exons are numbered like NR_047539.1) or 19 (numbered like in NR_003529.3). These transcripts are detectable in a wide variety of tissues but generally non-abundant, with an absolute expression ranging for specific transcripts from 0.01 to one copy per cell [5] , indicating a delicate regulation. As an exception to the general low abundance of CDKN2B-AS1 transcripts, the 3′ exons (17) (18) (19) are expressed at comparably high levels specifically in the intestine (Fig. 1) . Additionally, non-polyadenylated circular CDKN2B-AS1 species (circANRIL; exon usage [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] are formed in various different cell types [5, 6] , which may explain the reduced level of the central exons in mature polyadenylated isoforms, being a result of alternative splicing, in which the central exons are skipped. circANRIL was recently demonstrated to regulate rRNA maturation, which leads to activation of p53 and a decrease in cell proliferation [6] . The authors argued that this function of circANRIL may promote atheroprotection, possibly explaining the association of the main-risk CAD haplotype.
Two independent regions (r 2 ≤ 0.05) at CDKN2B-AS1 are genome-wide associated with T2D. One locates proximal in intron 2 and is tagged by SNP rs564398 (GRCh38.p10 chr9:g.22029548T>C), the other is located 3′ outside of the CDKN2B-AS1 exonic region, with tagging SNP rs10811661 (GRCh38.p10 chr9: g.22134095T>C) showing the strongest association in a meta-analyses of T2D GWA studies [1] . Of note, rs564398 is also associated with CAD with similar odds ratio estimates, but it is not in LD with the CAD high-risk alleles (r 2 ≤ 0.4). The distal T2D-associated region, mapping outside of the well-defined CAD-associated haplotype (r 2 ≤ 0.05) [7] , is exclusively associated with T2D, consistent with the hypothesis that both of these T2D and CAD susceptibility effects are independent. rs564398 correlates strongly with the expression of the proximal linear isoforms (exons 1-2), whereas rs10811661 showed no clear correlation with these proximal CDKN2B-AS1 transcripts [8] . To our knowledge, specific correlation with the distal CDKN2B-AS1 exons has not been reported for rs10811661.
In addition, at the chromosomal position of CDKN2B-AS1 (chr9p21.3) reside the tumor suppressor genes cyclindependent kinase 2A (CDKN2A) and −2B (CDKN2B), which have a well-described role to block cell cycle progression [9] . A cis-acting CDKN2B-AS1-mediated silencing mechanism was described to negatively regulate CDKN2A/B expression via chromatin remodeling, involving binding of CDKN2B-AS1 to the polycomb proteins Fig. 1 CDKN2B-AS1 distal splice forms are strongly expressed in the intestines. CDKN2B-AS1 transcripts are spliced in complex and tissuespecific patterns. a GWAS lead SNPs that locate at CDKN2B-AS1 as listed in the NHGRI-EBI Catalog of Published GWAS. The upper panel shows the disease phenotypes that relate to the annotated GWAS lead SNPs. The proximal 5′ region largely contains cancer-associated variants and spans the short polyadenylated isoforms. The distal region contains risk variants that are associated with cardiovascular diseaserelevant phenotypes. The high-risk CAD haplotype is located at the 3′ end of the long polyadenylated form. The main T2D-associated haplotype, which is independent of the CAD associations, locates well downstream of the coding region of CDKN2B-AS1. The CAD highrisk variants and the T2D-associated SNP rs564398, which also shows association with CAD, have regulative effects on the proximal CDKN2B-AS1 transcripts but not on CDKN2A (located upstream of CDKN2B-AS1 and not shown on this figure) and −2B. The 3′-T2D high-risk variants have no effect on the proximal CDKN2B-AS1 transcripts. A specific effect of the 3′-T2D high-risk variants on the distal transcripts is unknown; see also Supplementary Materials, Table 1 for eQTL effects of the GWAS SNPs. * = rs3731211, associated trait: platelet count; ** = rs615552, migraine; rs564398, T2D, CAD # = rs10217586, colorectal cancer. b Annotation of known CDKN2B-AS1 transcripts (Ensembl Gene Predictions -archive 75-Feb 2014). The positions of exon 1, exons 4-13 (incorporated in circANRIL), and exons 18 (targeted by shRNA) and 19 are indicated (ex = exon). c RNA-seq exon coverage for selected tissues (NCBI Homo sapiens Annotation Release 108, log2 scaled). High RNA-seq peaks of gastrointestinal tissues correspond with the positions of exons 16-19 (indicated by black lines) SUZ12 (suppressor of zeste 12 protein homolog) and CBX7 (chromobox 7) [10] . Significant effects on the expression of CDKN2A/B were shown for the T2D and CAD-associated SNP rs564398, but the distal T2D and CAD main-risk haplotypes seem to have no effect on CDKN2A/B (Supplementary Material, Table 1 ).
Whereas the functions of CDKN2A/B relate to the associations with cancer and circANRIL possibly explains the association of the main-risk CAD haplotype, it is currently not well understood how CDKN2B-AS1 transcripts translate into diabetes. Based on the data described above, we hypothesized in an earlier study that the proximal linear CDKN2B-AS1 transcripts have a role in the etiology of diabetes and CAD. We demonstrated a trans-regulatory effect of these isoforms on the genes TMEM258 (transmembrane protein 258; C11ORF10, located at the fatty acid desaturase genes FADS1-3), VAMP3 (vesicle-associated membrane protein 3), and ADIPOR1 (adiponectin receptor 1), and we confirmed that the observed effects were independent of a specific cell type [11] .
In the current study, we aimed to obtain information on specific roles of the distal polyadenylated CDKN2B-AS1 transcripts and hypothesized independent regulatory functions. To this end, we designed a tetracycline-inducible short hairpin RNA (shRNA) construct to specifically downregulate the distal transcript in physiological concentrations (ex18-shRNA). This construct was integrated into the genome of T-Rex HEK293. We observed the effects of this shRNA construct on genome-wide gene expression after 48 and 96 h (h) of induction. Replication of the main findings was performed in T-Rex HeLa cell lines with stable genomic integration of ex18-shRNA. Our data show that moderate reduction of the long CDKN2B-AS1 isoforms significantly reduced RBMS1 (RNA-binding motif, single-stranded interacting protein 1, chromosome 2) on the RNA and the protein level, and that RBMS1 directly binds to CDKN2B-AS1 transcripts.
Material and methods
Generation of a stable tetracycline-inducible shRNA knockdown system in T-Rex 293 (HEK) and T-Rex HeLa cell lines
For the polyadenylated long CDKN2B-AS1 transcripts, a total of 19 exons were reported [12] . Whereas the sequence of the polyadenylated exon has variable lengths, the preceding exon is unchanged in all long linear transcript isoforms (Fig. 1) . This is why we targeted this exon with our shRNA-construct instead of the adjacent 3′-polyadenylated exon. Transcript NR_003529.3 (NCBI Reference Sequence) is the longest CDKN2B-AS1 isoform, with 19 exons in total (ENST00000428597.5, 3835 bp). In NR_003529.3, the exon which we targeted with our shRNA construct is numbered 18. Thus, we labeled this construct ex18-shRNA.
Stable tetracycline-inducible ex18-shRNA T-Rex 293 (HEK) cell lines were constructed using the pENTR TM / H1/TO vector system (Thermo Fisher Scientific) as described in ref. [13] . Primer sequences are given in the Supplementary Materials. Stable tetracyclineinducible ex18-shRNA T-Rex HeLa cell lines were constructed by transfection of T-Rex HeLa cells (Thermo Fisher Scientific) with the linearized pENTR TM / H1/TO-ex18-shRNA vector, using the jetPEI transfection reagent (Polyplus-transfection S.A., USA). Growth conditions for the selection of stable cell lines are given in the Supplementary Materials. Control cell lines (T-Rex HeLa) targeting ex13-shRNA were constructed as described in ref. [13] .
Expression analyses
Five biological replicates of T-Rex 293 (HEK) ex18-shRNA cells were harvested 0, 48, and 96 h after induction with tetracycline. Affymetrix Human Gene 1.0 ST Arrays were hybridized and analyzed as previously described [13] , following the MIAME standards. Data were submitted to Gene Expression Omnibus (GEO, http://www. ncbi.nlm.nih.gov/geo, series: GSE111844; samples: GSM3040967-GSM3040981). shRNA expression of T-Rex Hela ex18-shRNA and T-Rex Hela ex13-shRNA cells was induced by adding 1 µg/ml tetracycline to the growth medium at a confluency of 30%. For the qRT-PCR, five biological replicates of treated and untreated cells were harvested 24 and 48 h after tetracycline induction. The qRT-PCR protocol is described in the Supplementary Material.
Western blot
T-REX 293 HEK and HeLa cells were grown in three independent cultures. shCDKN2B-AS1 constructs were induced for 96 h with tetracycline in triplicates and the protein blots were repeated for each culture three times. The western blot protocol is described in the Supplementary Material.
RNA immunoprecipitation (RIP)
RIP was performed according to the protocol described in ref. [14] with some modifications specified in the Supplementary Material.
Results
Induced knockdown of exon 19 CDKN2B-AS1 transcripts is correlated with decreased levels of RBMS1 and OCR1 in HEK cells but not with CDKN2A and -2B
To quantify the reduction of shRNA-mediated knockdown of CDKN2B-AS1 exon 18 upon tetracycline induction, we assessed the transcript levels in our inducible knockdown HEK and HeLa cell systems at two different time points after tetracycline induction. In HEK cells, exon 18 transcript levels decreased to a minimum after 48 h tetracycline induction of the ex18-shRNA, with a 1.87-fold reduction compared with the unstimulated controls. The reduction of transcripts remained stable with a 1.75-fold decrease after 96 h of tetracycline-induced shRNA silencing (Table 1) . These effects on transcript levels were comparable to our previous study, which employed a shRNA construct to specifically silence exon 13, termed ex13-shRNA [13] . Having proved the functionality of our construct, we performed genome-wide mRNA profiling in the ex18-shRNA-HEK cell lines using Affymetrix HG 1.0 ST Arrays as previously published. Five replicates were performed at each of the time points 0, 48, and 96 h (h) following tetracycline induction. Protein coding genes were selected for follow-up studies using the following pre-assigned selection criteria: False discovery rate (FDR) <5%, fold change of expression >1.3 at both time points; no outliers accepted. Two transcripts, OCR1 (ovarian cancer-related protein 1) and RBMS1 (RNA-binding motif, single-stranded interacting protein 1) showed significant reduction of transcript levels after 48 and 96 h of induction.) (Table 1 and Supplementary  Material, Table 2 ). None of the upregulated genes passed the selection criteria.
In addition to RBMS1 and OCR1, 27 genes were >1.3-fold downregulated after 48 h of tetracycline induction of the ex18-shRNA (FDR <5%) and 9 genes were >1.3-fold downregulated after 96 h (FDR <5%). Upregulation (>1.3-fold) was observed for 16 genes after 48 h (FDR <5%) and for no gene after 96 h (FDR <5%) (Supplementary Material, Table 3 ). To confirm the effects of ex18-shRNA on the expression of OCR1 and RBMS1, we performed an independent replication of the experiment (N = 5). Because the strongest effects were observed in the explorative stage after 48 h, we quantified the transcript levels at that time, using qRT-PCR. After 48 h tetracycline induction of the ex18-shRNA, OCR1 and RBMS1 showed significant reduction of transcript levels (OCR1: 2.6-fold, P = 0.0075; RBMS1: 1.7-fold, P = 0.022; CDKN2B-AS1 exon 19: 2.4-fold, P = 0.0042; Fig. 2 ).
CDKN2B-AS1 transcripts were not represented on the HG 1.0 ST Arrays. Therefore, we used qRT-PCR to test if the reduced transcript levels of the long linear isoforms have an effect on splice forms, which use polyadenylated exon 13. After 48 h of ex18-shRNA induction, CDKN2B-AS1 splice variant containing exon 13 were downregulated 2.1-fold. This was different to our earlier observations, which showed that ex13-shRNA expression had no effect on the long polyadenylated CDKN2B-AS1 transcripts [13] .
A negative correlation of the concentration of the proximal transcripts of CDKN2B-AS1 and CDKN2A and -2B expression was earlier described [10] and likewise, our previous exon 13-shRNA-construct that specifically downregulated transcripts that terminated with polyadenylated exon 13, showed low but significant increase in transcript levels of CDKN2A (1.5-fold) and -2B (1.3-fold) after 96 h of induction. In contrast, the ex18-shRNA constructs did not change CDKN2A and CDKN2B transcript levels after 48 and 96 h of induction in the stable integrated HEK cells.
Induced knockdown of exon 19 CDKN2B-AS1 transcripts correlates with decreased RBMS1 expression in HeLa cells
To validate our findings in an independent cell type and to exclude false-positive findings due to cell-linespecific artifacts, we established a HeLa cell line with the ex18-shRNA construct stable integrated into the genome. In the current as well as in the earlier study, which used the ex13-shRNA in HEK cells, we observed the strongest effects after 48 h of shRNA expression. This is why we quantified the transcript levels at that time point. To observe potential earlier effects, we additionally monitored gene expression after 24 h of ex18-shRNA induction. Five replicates were performed and expression was quantified by qRT-PCR.
ex18-shRNA expression resulted in a 1.5-and 1.3-fold downregulation of the long polyadenylated CDKN2B-AS1 transcripts after 24 h and 48 h, respectively (Fig. 3) . Similar to our results in HEK cells, RBMS1 transcript levels were significantly reduced 1.3-fold and 1.4-fold after 24 h and 48 h, respectively, of ex18-shRNA expression. Likewise, CDKN2A and -2B were expressed at comparable levels before and after ex18-shRNA induction. No difference in OCR1 expression was detected in HeLa cells at either time point. The short polyadenylated CDKN2B-AS1 transcripts showed a reduction of 1.5-fold at time point 24 h but showed no difference of transcript levels after 48 h. To rule out that our observations were produced by unspecific effects of the shRNA expression or because of the tetracycline treatment, we analyzed RBMS1 mRNA concentrations by qRT-PCR in T-Rex HeLa cells with a stable integrated ex13-shRNA. No difference in RBMS1 expression was observed after tetracycline induction. Likewise, no reduction of RBMS1 transcript levels was observed after knockdown of the short CDKN2B-AS1 splice variant in T-Rex HEK cells carrying the ex13-shRNA [13] .
Knockdown of the long CDKN2B-AS1 splice variant reduces RBMS1 protein content
To validate the effects of reduced concentrations of CDKN2B-AS1 exon 19 isoforms on the protein level of RBMS1, we performed western blot analysis with our T-REX 293 HEK and HeLa cells inducible overexpressing ex18-shRNA. Following 96 h of ex18-shRNA induction, RBMS1 protein concentration invariably showed distinct reduction in HEK as well as in HeLa cells in each of the three independent cell cultures, which were grown for both cell lines (Fig. 4) . RBMS1 contains two RNA-binding domains [15] . Therefore, we tested if RBMS1 physically interacts with CDKN2B-AS1 transcripts. We performed RNA immunoprecipitation (RIP) using RBMS1 antibodies Fig. 2 mRNA expression levels of RBMS1, OCR1, and CDKN2A/2B in HEK cells before and after ex18-shRNA induction. Transcript levels of CDKN2B-AS1 exon 18 are shown as a control for the functionality of the stable integrated ex18-shRNA construct. Significant reduction (P < 0.05) of RBMS1 and OCR1 but also for CDKN2B-AS1 exon 13 was observed 48 h after ex18-shRNA induction. CDKN2A/2B expression is not changed after 48 h or at a later time point. The data were generated as a biological replication of the results of the explorative step (HG 1.0 ST arrays) using qRT-PCR as baits. When we used RBMS1 as a bait, CDKN2B-AS1 exon 13 and exon 18 transcripts were enriched 76-fold and 63-fold, respectively (Fig. 4) . GAPDH enrichment was used as background control and displayed a fivefold enrichment in RBMS1-RIP in comparison to no-antibody control RIP. However, CDKN2B-AS1 enrichment was significantly higher than GAPDH enrichment. We used CBX7 and SUZ12 antibodies as positive controls, because immunoprecipitation of CDKN2B-AS1 was reported for both proteins [10, 16, 17] . Although both antibodies significantly enriched the CDKN2B-AS1 transcripts in the RIP experiments in comparison to the no-antibody control, only CBX7 displayed significant enrichment of CDKN2B-AS1 splice variant 13 and 19, when compared to the background control GAPDH. Only marginal enrichment of CDKN2B-AS1 transcripts and GAPDH could be observed in an immunoglobulin control with ACTIN antibody. Finally, we confirmed the pulldown of RBMS1 in a protein blot of the RBMS1-RIP-precipitated proteins.
Discussion
In the current study, we analyzed the effects of the distal CDKN2B-AS1 transcripts on gene regulation to improve the understanding of how the different polyadenylated linear transcripts may be relevant to the various disease associations at this locus. We give proof that the expression of these transcripts is positively correlated with RBMS1 on the RNA and protein levels and that CDKN2B-AS1 transcripts bind to the RBMS1 protein.
RBMS1 was first identified as a protein that binds to an enhancer element of the protooncogene MYC (v-myc avian myelocytomatosis viral oncogene) [15] . MYC encodes a transcription factor, which is delicately regulated due to its central role in cell proliferation and apoptosis. Accordingly, mutations and overexpression of MYC have been associated with a variety of tumors as recently reviewed [18] . A repressor of c-myc transcription is P53 [19] . We note that overexpression of circANRIL transcripts was recently demonstrated to induce p53 transcription. Interestingly, CDKN2B-AS1 is associated at genome-wide significance with several forms of cancer. Adjacent to the association of rs10217586 (hg19 chr9:g.22121099A>T) with colorectal cancer locate the GWAS lead SNPs of T2D. We note that genome-wide significant associations with T2D were also described for the chromosomal region of RBMS1 [20] . The T2D GWAS lead SNP rs7593730-T (hg38.p10, chr2: Fig. 4 The long polyadenylated CDKN2B-AS1 transcripts interact with RBMS1. a RBMS1 protein concentration is reduced after 96 h knockdown of CDKN2B-AS1 exon 18 in HEK and HeLa cells. b RBMS1 RNA immunoprecipitation in HeLa cell extract. Antibodies for RBMS1, SUZ12, CBX7, and ACTIN and no-antibody control were used for RNA immunoprecipitation (RIP). RNA precipitation of CDKN2B-AS1 exons 13 and -18 isoforms and of GAPDH was measured by qRT-PCR. Data are shown as enrichment in comparison to no-antibody RIP. Both CDKN2B-AS1 splice variants were strongly enriched in the RBMS1-RIP (ex13 = 63-fold, ex18 = 76-fold) and to a lesser extent in the CBX7-RIP (ex13 = 6-fold, ex18 = 10-fold) in comparison to the no-antibody RIP. The enrichment was significantly higher than enrichment of the GAPDH background control (GAPDH in CBX7-RIP 1.5-fold, in RBMS1-RIP 4.8-fold). Enrichment of the CDKN2B-AS1 exons 13 and 18 isoforms were also observed in the SUZ12 RIP (ex13 = 3.2-fold, ex18 = 3.7-fold) relative to the noantibody control, but it was not significantly higher compared to enrichment of GAPDH. ACTIN RIP was included as an immune globuline control. c Protein extracts of the RBMS1-RIP and ACTIN-RIP were analyzed by western blotting, showing the presence of RBMS protein in the RBMS1-RIP extract but not in the ACTIN-RIP extract Fig. 3 mRNA expression levels of RBMS1, OCR1 , and CDKN2A/2B in HeLa cells. a-f Before and after ex18-shRNA induction. a Transcript levels of CDKN2B-AS1 exon 18 are shown as a control for the functionality of the stable integrated ex18-shRNA construct. b, c Significant reduction (P < 0.05) of RBMS1 but not for OCR1 was observed 24 and 48 h after ex18-shRNA induction. d CDKN2B-AS1 exon 13 levels were significantly reduced after 24 h. e, f CDKN2A and −2B expression was not changed at any time point. g-i Before and after ex13-shRNA induction. g, h RBMS1 and CDKN2B-AS1 exon 18 levels were not reduced after ex13-shRNA induction. (see also Supplementary Materials, Fig. 1 , which confirms the lack of an effect of exon 13 knockdown on RBMS1 in Heck cells, which have the ex13-shRNA construct stable integrated), i Transcript levels of CDKN2B-AS1 exon 13 are shown as a control for the functionality of the stable integrated ex13-shRNA construct 12:g.160314943T>C; intronic to RBMS1) as well as other variants with strong LD (r 2 ≥ 0.8), showed cis-effects on the expression of RBMS1 in blood [21] , peripheral blood monocytes [22] , mononuclear cells [23] , and the cerebellum of Alzheimer's disease patients [24] . Although not significant on a study-wide level, these data suggest that the T2D-associated haplotype block may have a cis-regulatory effect on the expression of RBMS1, indicating a link of RBMS1 function and diabetes. However, while this protein is implicated in DNA replication, gene transcription, cell cycle progression, apoptosis, and the regulation of mRNA degradation and translation [25] , to our knowledge, a role of RBMS1 in diabetogenic pathways had been reported only by the GWAS study that identified the association of rs7593730 with T2D. This study additionally reported a nominal significant effect of the rs7593730-T allele on fasting glucose concentrations, but emphasized the exploratory nature of this observation. This also holds for the reports of the eQTL studies, and we emphasize the need for a more extensive experimental and clinical follow-up before a mechanism that links RBMS1 action with T2D can be proposed.
In the initial screening experiment performed in HEK cells, the transcript levels were monitored by genome-wide expression profiling after 48 and 96 h following induction of the shRNA knockdown construct. We targeted exon 18 instead of exon 19 with the shRNA because the sequence of exon 18 is unchanged in all long linear transcript isoforms, whereas exon 19 is variable in length (Fig. 1) . By selecting exon 18 as a target for shRNA silencing, we believe to have captured the information of this group of linear transcripts comprehensively. Apart from RBMS1, only one additional gene, OCR1, showed consistent changes of expression of >1.3-fold at both time points, which were subsequently validated by qRT-PCR. The replication in HeLa cells failed to give evidence of an effect of CDKN2B-AS1 transcript levels on OCR1. This gene, which currently has an unknown function, was first identified in screening for differential expressed genes in ovarian cancer [26] . In the light of the colorectal cancer association with SNP rs10217586 (GRCh38.p10 chr9:12:g.22121350A>T), it could be possible that a molecular context of CDKN2B-AS1 and OCR1 might exist. In this case, the non-validation in HeLa cells could be due to potential cell type and tissuespecific differences between HeLa and HEK cells although our study does not provide evidence for this hypothesis.
In addition to RBMS1 and OCR1, no other gene fulfilled our pre-assigned selection criteria to be carried forward to validation in a different cell type. This could be a consequence of the comparatively moderate reduction of transcript levels, which was within a physiological range but may have been too weak to detect additional effects on gene expression in our in vitro cell models. Thus, the prevention of artificially high transcript levels or a complete knockout, which we considered to avoid artifacts and type I errors caused by unnatural compensatory reactions, may also have been a limitation of our study, because it could increase the chances of false negatives.
Following ex18-shRNA induction, we observed that exon 19 and exon 13 polyadenylated CDKN2B-AS1 transcripts were downregulated. To assess if RBMS1 reduction was specific to the knockdown of the long splice variants, we analyzed RBMS1 transcript levels in HeLa T-Rex cells, with the ex13-shRNA construct stable integrated into the genome. After induction of the ex13-shRNA, no changes in RBMS1 expression were observed. Likewise, no change of RBMS1 transcript levels was detected when reassessing our earlier generated expression data of HEK293 cells that inducible expressed the stable integrated ex13-shRNA construct [11] . Accordingly, we conclude that the decrease of RBMS1 transcripts is a specific response to the ex18-shRNA-mediated knockdown of the long CDKN2B-AS1 splice variant.
Because CDKN2B-AS1 isoforms that terminate with polyadenylated exon 13 do not carry exon 18, the mechanisms underlying the correlated reduction of both polyadenylated splice variants after ex18-shRNA induction is speculative. An explanation could be a compensatory mechanism that adjusts the ratio of polyadenylated CDKN2B-AS1 19 transcripts. It is presumed that each type of cell actively controls the relative quantities of alternative splice isoforms to maintain cellular homeostasis. Given the important role of CDKN2B-AS1 transcripts in controlling cell growth, its expression should be precisely regulated. Likewise, different CDKN2B-AS1 isoforms were earlier reported to be positively correlated with each other [17] , and the intestines maintain strong expression of exons [16] [17] [18] [19] in parallel to underrepresentation of proximal introns (see Fig. 1 ). It is possible that a reduction of the long polyadenylated isoforms is recognized by the cell, leading to increased splicing of the long CDKN2B-AS1 isoforms. In consequence, this would result in a reduction of the short transcripts. In agreement with this, splice isoform ratios were shown to be exceptionally robust to genetic and environmental variability in the mouse model [27] . If cellular homeostasis required a higher ratio of the long polyadenylated isoforms to the short, this would also explain why we did not observe a reciprocal compensation, when we reduced the short polyadenylated transcripts.
Proximal CDKN2B-AS1 transcripts (exons 1-2) and circANRIL (exons 5-7) were reported to cis-regulate CDKN2A/B expression [10, 16] . Accordingly, it can be speculated that RBMS1 downregulation is a consequence of changes in CDKN2A/B expression in response to reduced CDKN2B-AS1 transcript levels. To investigate this possibility, we evaluated the transcriptional response to CDKN2A/B in HEK and HeLa cells after knockdown of the long CDKN2B-AS1 splice variants. After ex18-shRNA expression, we observed no effect on CDKN2A/B transcript levels. These data demonstrate that the downregulation of RBMS1 is independent of CDKN2A/B expression.
To show that RBMS1 physically interacts with CDKN2B-AS1 transcripts, we performed a RIP experiment and were able to pull down RBMS1 complexes with an anti-RBMS1 antibody. In this complex, the long as well as the short polyadenylated CDKN2B-AS1 splice variants were detected using primers specific for exons 18 and 13, respectively. This gave proof for a direct binding of RBMS1 to CDKN2B-AS1. It also indicated that both isoforms were present in the RBMS1 complex and consequently, both isoforms may directly bind to RBMS1. Additionally, CDKN2B-AS1 was more efficiently pulled down in the RIP using the RBMS1 antibody compared to SUZ12 or CBX7 antibodies, indicating a higher occupancy or more stable binding of CDKN2B-AS1 to RBMS1. Because the transcript levels of RBMS1 only correlated with the long polyadenylated isoform, we suggest that the correlation of CDKN2B-AS1 and RBMS1 transcripts is not mediated by the binding of CDKN2B-AS1 mRNA to RBMS1 protein but indicates an independent regulatory mechanism.
A critical requirement for the binding of RBMS1 to CDKN2B-AS1 is that they co-localize in the same cellular compartment. CDKN2B-AS1 transcripts were detected in the nucleus by several studies [6, 10, 16, 28] , and binding of RBMS1 to nuclear double-stranded DNA was experimentally shown for a DNA replication origin/transcriptional enhancer of the human c-myc gene [25] . This gives evidence for the RBMS1 protein to be localized in the nucleus, where it would be able to interact with CDKN2B-AS1 transcripts.
We note that an earlier study, which had constitutively overexpressed CDKN2B-AS1-ex 19 transcripts in HEK cells, did not report different transcriptional regulation of RBMS1. However, a constitutive overexpression is likely to induce a variety of compensatory effects, which might mask the primary response of the overexpression of CDKN2B-AS1. Here, an induced knockdown at physiological levels may be advantageous compared to a constitutive overexpression, which was the reason for performing the current study.
In summary, we provide evidence for a mechanistic link of CDKN2B-AS1 function and RBMS1 activity. Together with our earlier findings, we conclude that the proximal and distal polyadenylated CDKN2B-AS1 transcripts have independent functions in the regulation of distant genes, which comprise TMEM258, VAMP3, ADIPOR1, and RBMS1, respectively. These functions are independent of the circANRIL isoforms, which have a role in atherosclerosis and are independent of the genes CDKN2A/2B, which have a role in cancer. Future studies will further validate the specific function of CDKN2B-AS1 in the gastrointestinal tract, where the distal exons are predominantly expressed, and in insulin-responsive and -releasing tissues.
